Extracts of Pseudomonas aeruginosa (ATCC 7700) cells grown on glucose, gluconate, or glycerol had enzyme activities related to the Entner-Doudoroff pathway. These activities were present in no more than trace amounts when the bacteria were grown on succinate. Fructose-1 ,6-diphosphate aldolase could not be detected in extracts of the bacteria grown on any of the above carbon sources. Therefore, it appears that P. aeruginosa degrades glucose via an inducible Entner-Doudoroff pathway. The apparent absence of fructose-1 , 6-diphosphate aldolase in cells growing on succinate suggests that the bacteria can form hexose and pentose phosphates from succinate by an alternate route. D-Glucose-6-phosphate dehydrogenase, a branch-point enzyme of the Entner-Doudoroff pathway, was purified 50-fold from glucose-grown cells. Its molecular weight, estimated by sucrose density gradient centrifugation, was found to be approximately 190,000. The enzyme was strongly inhibited by adenosine triphosphate, guanosine triphosphate, and deoxyguanosine triphosphate, which decreased the apparent binding of glucose-6-phosphate to the enzyme. It is suggested that adenine nucleotide-linked control of glucose-6-phosphate dehydrogenase may regulate the overall catabolism of hexose phosphates and prevent their wasteful degradation under certain conditions requiring gluconeogenesis.
Members of the Pseudomonodaceae group of bacteria are notable for their ability to respire at the expense of a large number of carbon compounds (15) . Generally, they lack fermentative mechanisms for obtaining energy. In particular their catabolism of glucose differs from that of the more widely studied Enterobacteriaceae. The Entner-Doudoroff pathway of glucose dissimilation (7) , which involves formation of triose from hexonic acid phosphate rather than from hexose phosphate, appears to be the dominant route of glucose degradation.
It has long been established that the levels of many bacterial catabolic enzymes are subject to regulation by induction and repression (see 12) . More recently, adenine nucleotides have been found to promote changes in the activities of certain catabolic enzymes (see 1); for example, adenosine monophosphate (AMP) or adenosine triphosphate (ATP) modify the activity of Escherichia coli phosphofructokinase (ATP:Dfructose-6-phosphate 1-phosphotransferase; EC I Present address: Department of Microbiology, University of Washington Medical School, Seattle. 2.7.1.11) by respectively increasing or decreasing the apparent strength of binding of fructose-6-phosphate to the enzyme (4) . Similarly, the catabolic threonine deaminase (L-threonine hydro-lyase; EC 4.2.1.16) of Clostridium tetanomorphum (10) is activated by adenosine diphosphate (ADP), which increases the affinity of the enzyme for threonine. The in vitro pattern of regulation by adenine nucleotides indicates that the in vivo flow of metabolites through catabolic routes may be restricted under conditions of energy excess (high ATP concentration) and increased under conditions of energy deprivation (high AMP or ADP concentration).
In view of their capacity to catabolize a wide array of carbon compounds, the pseudomonads seemed an ideal group in which to study catabolic regulatory mechanisms. To gain information about control of catabolism in the Pseudomonodaceae, we studied several enzymes related to glucose dissimilation in Pseudomonas aeruginosa. In particular, our study centered upon regulation of glucose-6-phosphate dehydrogenase [D-glucose-6-phosphate:nicotinamide adenine di-nucleotidephosphate (NADP) oxidoreductase, EC 1.1.1.49], a branch-point enzyme of the Entner-Doudoroff pathway, which we found to be inhibited by ATP.
MATERIALS AND METHODS Organiisms. P. aerugintosa ATCC 7700 was used throughout. Aerobacter aerogentes strain XXXV was used in one of the experiments.
Growth of bacteria. Bacteria were grown in media containing salts solution P (8) 
RESULTS
Induction of enzymes involved in glucose catabolism. The catabolic reactions I through IV comprise the Entner-Doudoroff pathway of glucose degradation (Fig. 1) . Extracts of P. aeruginosa were examined for this pathway. Enzymes I and II were assayed singly; enzymes III and IV were assayed jointly by measuring the formation of pyruvate from 6-phosphogluconate. All of these enzymes were found to be present in extracts of glucose-grown bacteria ( Table 2 ). The activity of glucose-6-phosphate dehydrogenase (enzyme II) was approximately twice each of the other two activities. When assayed at 37 C, the activity of glucose-6-phosphate dehydrogenase was 1.8 times greater than at 25 C, and was about 70% the in vivo rate of glucose consumption (420 m,umoles per min per mg of protein) in cultures growing aerobically with glucose as sole carbon and energy source. 6-Phosphogluconate dehydrogenase activity (enzyme V), which diverts 6-phosphogluconate from the Entner-Doudoroff pathway to pentose formation, was about one-tenth that of glucose-6-phosphate dehydrogenase ( No more than trace amounts of the above activities were detected in extracts of bacteria which had been cultivated on succinate (Table 2 ).
Bacteria transferred from succinate medium to a medium containing only glucose as a carbon and energy source formed glucose-6-phosphate dehydrogenase preferentially before they resumed rapid growth (Fig. 2) . Enzyme synthesis commenced immediately, and the resumption of growth paralleled the attainment of fully induced levels of the enzyme.
The above data suggest that P. aeruginosa catabolizes glucose primarily via an inducible
Entner-Doudoroff pathway. Glucose-6-phosphate dehydrogenase and other enzymes related to the Entner-Doudoroff pathway were induced to different levels in cultures growing upon different carbohydrates ( Table 2) . The highest and lowest levels of the enzymes were induced by growth on glycerol and pyruvate, respectively. The rapid growth on pyruvate in comparison with that on glycerol (see growth rate constants listed in Table 2 ) suggested that the low levels formed in the presence of pyruvate might be a result of catabolite repression. Two observations tend to rule out this notion. First, as indicated in Table 2 , the level of glucose-6-phosphate dehydrogenase in cultures grown upon a mixture of glucose and pyruvate was not decreased below the level on glucose alone. Second, the results in Table 3 show that, in a nitrogen-limited chemostat culture grown on glucose at less than 15% the unrestricted growth rate, 2.0[ ATP inhibited glucose-6-phosphate dehydrogenase activity in crude bacterial extracts prepared in buffers from which magnesium was omitted. The extent of inhibition depended upon the concentration of glucose-6-phosphate. The data of Fig. 3 show results with 50-fold purified enzyme. ATP decreased the apparent affinity of the enzyme for glucose-6-phosphate without significantly affecting the activity of the enzyme once it was saturated with substrate.
Even in the absence of ATP, the apparent binding of glucose-6-phosphate to the enzyme depended upon the concentration of glucose-6-phosphate. This is seen clearly in the reciprocal plot of enzyme activity versus glucose-6-phosphate concentration presented in Fig. 3B . To ascertain whether ATP modified the cooperative binding effects between substrate molecules, Hill plots were used to compare shapes of substrate saturation curves in the presence of different concentrations of ATP. The results are shown in Fig. 3C . The slopes of such curves at half-maximal velocity have been interpreted as a measure of cooperation between the ligands involved (see 3) . Plots of the present data show that ATP causes no significant change in the parameter, indicating that it increases the concentration of glucose-6-phosphate required for full enzyme activity without altering the degree of cooperative binding between substrate molecules. Similar results have been observed for yeast phosphofructokinase and isocitrate dehydrogenase (2) . A HiU plot relating enzyme activity and ATP concentration is presented in Fig. 3D . The slope of the line obtained was 2, indicating that ATP binds to at least two sites on the enzyme.
We have used reciprocal plots of enzyme activity versus substrate concentration to detect small changes in apparent affinity of glucose-6-phosphate dehydrogenase for substrate under different conditions. Figure 4 shows that such changes are induced by citrate, magnesium, and high pH. At low substrate concentrations, an increase in pH or the addition of citrate markedly decreased enzyme activity. Addition of magnesium at elevated pH (pH 9) caused a significant increase in enzyme activity at low substrate concentrations. These interactions with the enzyme were weaker than those of ATP, which are detectable even at high substrate concentrations. High concentrations of magnesium abolished both the weak inhibition by citrate and the stronger effects of ATP. Presumably, this was a result of direct interaction between magnesium and the inhibitors. Magnesium did not appear to be necessary for enzyme activity because the latter was not modified by the presence of 2 X 10-3 M ethylenediaminetetraacetate.
Inhibition of glucose-6-phosphate dehydrogenase by other nucleotides. Guanosine triphosphate (GTP) also inhibited the activity of glucose-6-phosphate dehydrogenase. In fact, GTP was slightly more effective than ATP. Inhibition by deoxyguanosine triphosphate (dGTP) was less than that by GTP. Table 4 shows the inhibitions promoted by a number of different nucleotides. In general, only purine di-and trinucleotides gave significant inhibition. In all cases, inhibition was overcome by increasing the substrate con- phosphate dehydrogenase for NADP was found to be approximately 10 times greater than that for NAD (Table 5 ). The presence of ATP did not significantly alter these values. There was no difference in enzyme activity with NAD or NADP when saturating concentrations of these cofactors were present. Sigmoid saturation curves for glucose-6-phosphate were observed with NAD as well as with NADP. Physical properties of glucose-6-phosphate de- hydrogenase. Glucose -6 -phosphate dehydrogenase was characterized by comparing its filtration through Sephadex gels, and its sedimentation through sucrose gradients, with that of hemoglobin. The enzyme was completely excluded from Sephadex G-100 gels and eluted from columns of G-200 gels before hemoglobin. On the basis of its sedimentation (Fig. 5) , an approximate molecular weight of 190,000 was assigned to the enzyme. This value corresponds to the molecular weight (190,000) determined for human erythrocyte glucose-6-phosphate dehydrogenase by Chung and Langdon (6). Our calculation was made with the assumptions that the molecular weight of hemoglobin was 68,000 and that the distances both proteins migrated during centrifugation were related to their molecular weights in the manner described by Martin and Ames (13) .
There was no significant change in sedimenta- The simplest hypothesis is that regulation of glucose-6-phosphate dehydrogenase activity is necessary to attain the most efficient pattern of hexose phosphate consumption. In P. aeruginosa, the problem is exaggerated by the presence of large amounts of the enzyme, presumably reflecting its major role in the catabolism of glucose. In the absence of any control over glucose-6-phosphate dehydrogenase, sudden depletion of exogenous glucose might be expected to lead to rapid exhaustion of hexose phosphate, and thereby delay or prevent adaptation to growth on other substrates by wastefully consuming hexose phosphate required for biosynthesis. Two properties of P. aeruginosa glucose-6-phosphate dehydrogenase might function to avoid such a situation. First, its saturation curves suggest that a threshold level of glucose-6-phosphate must be reached before appreciable enzyme activity is observed. Second, generation of ATP by degradation of alternative substrates or of endogenous materials might be sufficient to inactivate the enzyme at low levels of glucose-6-phosphate.
The highest levels of glucose-6-phosphate dehydrogenase observed in our experiments occurred in bacteria growing upon glycerol, where growth was poor. If excess glucose-6-phosphate dehydrogenase does in fact tend to restrict the supply of hexose phosphate, then the poor growth on glycerol may be a consequence of the high enzyme level. To test for such a correlation, we are attempting to obtain mutants which have either gained the ability to grow rapidly upon glycerol or have lost the ability to form large amounts of glucose-6-phosphate dehydrogenase.
Although P. aeruginosa glucose-6-phosphate dehydrogenase appears to be primarily an NADPlinked enzyme, our results do not exclude the possibility that it has a dual function of generating both NADH2and NADPH2in vivo. It was attractive to speculate that these functions might be mutually exclusive and depend upon the supply of ATP; however, our results do not support such an idea.
The apparent absence of both fructose-1, 6-phosphate aldolase and 6-phosphate gluconate dehydrogenase in extracts of succinate-grown bacteria poses the question of how hexose and pentose phosphates are formed during growth on this substrate. It is generally considered that pentose phosphate arises either from 6-phosphogluconate via its respective dehydrogenase or by transketolase-mediated transfer of active glycoaldehyde from sedoheptulose-7-phosphate to glyceraldehyde-3-phosphate. Both of these reactions depend upon a constant supply of hexose phosphate, whose origin is not obvious in the present case. Sable (14) suggested on the basis of labeling experiments that P. saccharophila forms pentose phosphate by transketolase-promoted transfer of active glycoaldehyde from hydroxypyruvate to glyceraldehyde-3-phosphate. Since P. aeruginosa can presumably form triose phosphates from tricarboxylic acid intermediates, such a mechanism may be of importance to this bacterium.
